The survival of 7 of 8 patients with Ebola virus (EBOV) infection after transfusions of convalescent-phase blood during a 1995 outbreak of EBOV infection is frequently cited as evidence that passive immunotherapy is a viable treatment option. To test whether whole-blood transfusions were more efficacious than passively administered immunoglobulins or monoclonal antibodies, we transfused convalescent-phase blood from EBOV-immune monkeys into naive animals shortly after challenge with EBOV. Although passively acquired antibody titers comparable to those associated with effective vaccination were obtained, all monkeys that had received transfusions succumbed to infection concurrently with control monkeys. These data cast further doubt on the value of passive immunotherapy for the treatment of EBOV infection. 
of convalescent-phase serum from EBOV-infected patients in 1976 [4] and the reported survival of 7 of 8 EBOV-infected patients after transfusions of convalescent-phase blood during the 1995 outbreak in Kikwit, Democratic Republic of the Congo [5] , are frequently cited as evidence that passive immunotherapy is a viable treatment option. Although those involved with the Kikwit study [5, 6] acknowledged that a number of factors other than passively administered antibody might have been associated with the enhanced survival rates observed among these patients, this approach continues to draw advocates of further development, despite a preponderance of data documenting the failure of passive immunotherapy in the treatment of Ebola hemorrhagic fever (EHF) in primates. In the present study, we tested the hypothesis that whole blood (analogous to that obtained from EBOV-immune donors in Kikwit) might confer some protection to EBOV-infected recipients.
MATERIALS AND METHODS
To obtain immune monkey blood, 3 rhesus macaques that had survived challenge with EBOV 4-5 years previously were rechallenged with a high dose (1000 pfu) of infectious Zaire EBOV (ZEBOV). None of these donor animals developed clinical signs of EHF, and all were aviremic after rechallenge. Of these 3 animals, 1 NOTE. The ELISA assay was performed as described elsewhere [7, 8] . a Control 1 received whole blood from an EBOV-naive donor monkey immediately after challenge with ZEBOV and again on day 3 after challenge. Figure 1 . Plasma viremia levels of rhesus macaques after challenge with Zaire Ebola virus (ZEBOV). Control 1 was an EBOV-naive recipient animal that received transfusion in parallel with whole blood from an EBOV-naive donor monkey immediately after challenge with ZEBOV and again on day 3 after challenge. Control 2 did not receive convalescentphase blood after challenge with ZEBOV.
had survived a primary challenge with mouse-adapted ZEBOV in 1997, which is thought to be attenuated in nonhuman primates, and a subsequent challenge with wild-type ZEBOV in 1999 [7] . A second monkey had been vaccinated with a girradiated whole-virion vaccine and survived subsequent challenge with ZEBOV [8] , and the third monkey had been one of the rare, untreated survivors of virulent ZEBOV infection (P.B.J., unpublished data). Blood was obtained from the donor monkeys 30 days after rechallenge with 1000 pfu of ZEBOV. Anti-EBOV IgG ELISA titers for all 3 donor animals were 1:100,000 (table 1) .
To maximize the likelihood of a beneficial effect, recipient monkeys received transfusions immediately after ZEBOV exposure. In contrast, during the Kikwit outbreak, patients received transfusions 4-15 days after the onset of clinical symptoms; transfusion volumes were 150-450 mL per patient (∼2.1-6.4 mL/kg). In the animal model, 4 monkeys received 6 mL/ kg citrate phosphate adenine-treated whole blood from convalescent-phase donors. Two of the recipients received a second transfusion (6 mL/kg) on day 3 after challenge with ZEBOV, and the other 2 recipients received the second transfusion (6 mL/kg) on day 4 after challenge. Two ZEBOV-challenged control animals also were used. One control animal was an EBOV-naive recipient that received transfusion in parallel with whole blood from an EBOV-naive donor monkey immediately after challenge with ZEBOV and again on day 3 after challenge; the second control animal did not receive convalescent-phase blood after challenge with ZEBOV.
Research was conducted in compliance with the Animal Welfare Act and other federal statues and regulations relating to animals and experiments involving animals and adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals [9] . The facility where this research was conducted is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (Rockville, MD).
RESULTS
For the donor and recipient animals, pre-and postchallenge ELISA titers against EBOV are presented in table 1. In brief, 3 of the 4 recipient monkeys had passive ELISA titers of 1:100 at day 3 (recipient 2) or day 4 (recipients 3 and 4) after challenge with ZEBOV, and the remaining monkey (recipient 1) had ELISA titers of 1:3200 at day 3. Recipient monkeys 1-4 and both of the ZEBOV-challenged control monkeys developed clinical signs consistent with EHF and became viremic during the course of infection, with у5.0 log 10 pfu/mL plasma by day 7 (figure 1). Two of the recipient monkeys were killed in extremis late on day 8 after challenge, while the other 2 recipients and both positive control monkeys died on day 9. The mean time to death for a cohort ( ) of ZEBOV-positive control n p 23 rhesus monkeys inoculated with the same isolate, with the same dose and route, was 8.3 days (T.W.G., unpublished data) [8] .
DISCUSSION
Our results show no beneficial effect from the transfusion of convalescent-phase blood from rhesus macaques immune to ZEBOV infection, in a controlled experiment in which the therapeutic regimen was adjusted for maximum beneficial effect. The results of this study support the idea suggested by the authors of the Kikwit study [5] that enhanced survival was unlikely to be related to the presence of EBOV-specific antibodies in donor blood. The present study did not use blood from animals recently in the convalescent phase of infection (in contrast, the human blood used in the Kikwit study was obtained 37-65 days after patients were discharged from the hospital); however, it is unlikely that protective antibodies would exist in the human blood that were absent in the immune monkey blood used here.
Furthermore, the suggestion that antibody titers may have no direct role in conferring protection is based on our observation that, in this study, the passive ELISA titers in 1 of the 4 recipient animals at day 3 after challenge (1:3200) was equivalent to or higher than prechallenge ELISA titers in animals protected against lethal ZEBOV challenge by immunization with either a recombinant adenovirus-based EBOV vaccine [10] or a recombinant vesicular stomatitis virus (VSV)-based EBOV vaccine [11] . In addition, passive ELISA titers in the other 3 recipient animals at day 3 or 4 after challenge (1:100) were nearly as high as prechallenge ELISA titers in half the animals (1:320) protected against ZEBOV by the VSV-based EBOV vaccine [11] . In fact, the same ELISA assay for EBOV IgG was used in all of these studies, so comparisons of the results are relevant. With regard to protective efficacy, the questionable relevance of anti-EBOV ELISA titers was also mentioned in a recent study comparing 2 EBOV vaccines [12] that differed dramatically in protective efficacy but that elicited essentially identical results for anti-EBOV ELISA titers.
The findings of the current study are consistent with those of previous studies showing that passive immunization of nonhuman primates with anti-ZEBOV antibodies has little therapeutic utility. These study results include the following: (1) passive immunization of cynomolgus macaques with high-titer anti-EBOV equine immunoglobulin was unable to protect animals from a lethal ZEBOV challenge [13, 14] ; (2) passive immunization of 4 rhesus macaques with high-titer anti-EBOV equine immunoglobulin failed to protect any of the animals from a lethal challenge and did not even delay death (P.B.J., unpublished data); and (3) passive transfer of a neutralizing human monoclonal antibody that completely protected guinea pigs against ZEBOV infection [15] failed to protect rhesus macaques against a lethal ZEBOV challenge [16] .
The severity of EBOV infection and the lack of effective therapeutic solutions argue for sustained investment in all promising approaches. However, the results of the present study, which used immune primate blood, joins the preponderance of published study results suggesting that immunotherapy will not be a shortcut to the solution. Given these discouraging results and the risks of transmitting infection, whole-blood transfusions, even under desperate epidemic conditions, seem unwarranted.
